The opportunistic bacterial pathogen Pseudomonas aeruginosa secretes several toxic proteins that are thought to act as virulence factors in the susceptible host. Of these, exotoxin A is the most toxic (30) and has been the most intensively studied. Identical in mode of action to diphtheria toxin, exotoxin A catalyzes the transfer of the ADP-ribosyl moiety of NAD onto elongation factor 2, thereby inhibiting protein synthesis in eucaryotic cells (15, 16) . Exotoxin A is chromosomally encoded (10) and is produced by most (>90%) P. aeruginosa strains (4) .
Little is known about the regulation of exotoxin A gene expression. Gray and Vasil (9) have mapped a genetic locus, tox-2, near 35 min on the genetically well-characterized P. aeruginosa strain PAQ1 (32) chromosome, that appears to be involved in the regulation of exotoxin A gene expression. The tox-2 mutant produces 100-fold less toxin yet still maintains parental levels of protease and total extracellular protein. Since this tox-2 locus is well separated from the toxin structural gene of PA01 (toxA-1) at 85 min, as determined by Hanne et al. (10) , it has been suggested that the expression of the toxin-encoding gene is positively regulated by the gene product of the tox-2 locus. Gray et al. (8) recently cloned the exotoxin A structural gene into Escherichia coli but expression of toxin could not be detected without placing the gene under the control of E. coli transcriptional/translational signals. While inefficient recognition of the toxin gene promoter in E. coli may have been the reason for the inability to detect expression, it is also possible that E. coli lacks one or more P. aeruginosa positive regulatory factors necessary for efficient expression of exotoxin A.
Of additional interest is the fact that excess iron in the culture medium inhibits toxin gene expression (2, 3) , and this inhibition is alleviated by a mutation in the toxC gene of the PAO1 strain.
In a previous report we described the cloning of a 20-kilobase-pair (kbp) fragment of P. aeruginosa DNA which resulted in an increase in exotoxin A expression in several strains of P. aeruginosa (R. C. Hedstrom, C. R. Funk, 0. R. Pavlovskis, and D. R. Galloway, Abstr. Annu. Meet. Am. Soc. Microbiol. 1984, B151, p. 42). Here we further report the subcloning of a segment of P. aeruginosa DNA that stimulates the expression of exotoxin A in toxigenic strains after transformation of such strains with recombinant plasmids containing the cloned segment. The cloned DNA segment does not contain the toxin structural gene, as determined by expression studies, and DNA hybridization analysis shows that the cloned DNA is present in the genomes of both toxigenic and nontoxigenic P. aeruginosa strains.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The P. aeruginosa strains used and their reported exotoxin A phenotypes are listed in Table 1 . P. putida was strain 12633 and E. coli was strain HB101. The plasmids used for cloning were pJBK68 (J. B. Kaper, unpublished data) and pVK101 (20) , each a derivative ofthe broad-host-range cloning vector pRK290 (6) . In addition to the tetracycline resistance gene of pRK290, both pJBK68 and pVK101 contain a kanamycin resistance gene used for detection of insert DNA by marker inactivation and are low-copy-number plasmids. The helper plasmid pRK2013 (6) was used for mobilization of plasmids into P. aeruginosa strains during triparental matings. Bacteria were cultured at 37°C in LB medium for DNA isolation and plasmid selection procedures. For exotoxin A expression studies and for toxin purification, bacteria were cultured in tryptic soy broth dialysate at 32°C with vigorous aeration (17). Antibiotic concentrations for the selection of plasmid-bearing P. aeruginosa were 100 ,ug of tetracycline per ml and 1 mg of kanamycin per ml, whereas plasmid-bearing E. coli organisms were selected with 15 ,ug of tetracycline per ml and 100 ,g of kanamycin per ml.
DNA preparation and analysis. Plasmids were isolated Antitoxin preparation. The preparation of rabbit antitoxin and purified immune monoclonal antitoxin antibodies has previously been described in detail (7) .
Other methods. Electrophoretic transfer of proteins, separated by electrophoresis through sodium dodecyl sulfatepolyacrylamide gel (SDS-PAGE) (21) onto nitrocellulose sheets, was performed as described previously (11) . Immunoblotting of these sheets was carried out as described above. Exotoxin A was purified according to the procedure described by Leppla (22) with previously noted modifications (7) . RESULTS
Genomic library construction and selection of pFHK10. The chromosomal DNA of P. aeruginosa strain PA103 was partially digested with Sau3A and fractionated by size through a 5 to 20% NaCl gradient (35,000 rpm, 4.5 h, SW41 rotor, 40 ,ug of DNA per gradient). Fractions containing DNA of 15 to 25 kbp in size were pooled, and the DNA in these fractions was ligated to pJBK68 vector DNA that had been digested with BglII and treated with bacterial alkaline phosphatase. The ligation mixture was used to transform P. aeruginosa strain PA103-29 cells, a mutant hypotoxigenic strain. Samples of the transformation mixture were spread on tetracycline plates. Colonies from these plates were screened for kanamycin resistance. Kanamycin-sensitive clones were assayed for toxin production, using the Chinese hamster ovary cell cytotoxicity assay according to a previously published method (5, 17) . Seven clones positive in this assay (thus, positive toxin phenotype) were further tested for toxin production with the ADP-ribosyl transferase assay (17). The plasmid DNA from one such clone, designated pFHK6, was isolated and found to contain a 20-kbp genomic insert that stimulated expression of toxin in PA103-29(pFHK6) cells (data not shown). Plasmid FHK6 DNA was digested with XhoI, producing three separate fragments which were ligated to XhoI digests of pVK101 DNA. After transformation and antibiotic selection of transformants, several clones were found that demonstrated increased toxin expression. From one of these, a recombinant plasmid, designated pFHK10, was isolated and shown to contain a 3-kbp XhoI insert.
Effect of pFHK10 on exotoxin A expression in toxigenic and nontoxigenic P. aeruginosa. Plasmid pFHK10 contained an insert of P. aeruginosa genomic DNA that stimulated toxin expression in each of the toxigenic strains tested (Table 2 ; Fig. 1 ). This was determined by mobilizing pFHK10 from E. coli HB101, using a triparental mating system (6), into each of the P. aeruginosa strains and calculating toxin levels by radioimmunoassay and enzymatic activity in the culture supernatant fraction of the resultant transconjugants. The results shown in Table 2 indicate that toxin production was stimulated at least 10-fold. These results are supported by the immunoblotting data shown in Fig. 1A . Here it can be seen that culture supernatants from pFHK10-transformed strains contain significantly increased quantities of toxin A as compared with the recombinant control strains containing only the plasmid vector. In addition to culture supematant levels, significant amounts of toxin remained within the cell (Fig. 1B) . We were unable to detect exotoxin A production in strain 388, previously reported to be a nonproducer of exotoxin A (18, 26) ; however, pFHK10-containing cells of strain 388 produced a significant amount of exotoxin A (Table 2 ). This result was verified by immunoblotting data, using specific antitoxin A antibody (Fig. 2) .
It was important to determine whether the increased toxin production resulted from the presence of the toxin structural gene in the 3-kbp insert of pFHK10. Consequently, pFHK10 was used to transform a toxin structural gene mutant of strain PA01, known as PAO-PR1, which produces a nontoxic yet immunologically cross-reactive analog of toxin A (CRM toxin). The results shown in Fig. 1 (lanes 6 and 7) , when compared with the PAO-PRI data in Table 2 , demonstrate that PAO-PRI(pFHK10) produces an increased amount of CRM toxin, but no native toxin A (no ADPribosyl activity). To demonstrate the complete absence of native toxin A expression in PAO-PRI(pFHK10), toxins were purified from strains PA103, PAO1(pFHK10), and PAO-PRI(pFHK10) and compared by immunoblot analysis, using a monoclonal antitoxin specific for native exotoxin A, but previously shown to be nonreactive with the CRM toxin (7). The results are shown in Fig. 3 . The ability of the monoclonal antitoxin to distinguish between CRM and native toxin A demonstrates that the cloned genomic insert of pFHK10 does not contain the toxin structural gene since native toxin A is not produced or expressed by the recombinant PAO-PR1(pFHK10).
Additional evidence in support of this conclusion was obtained by the pFHK10 transformation of P. aeruginosa strain WR5, which has been shown to lack the toxin A structural gene (M. Vasil, personal communication), and P. putida, also a non-toxin-producing pseudomonad. The results in Table 2 and Fig. 1 indicate that pFHK10 does not result in the expression of toxin A in these strains. The inability of pFHK10 to complement the toxin structural gene mutation of PAO-PRI and the lack of toxin production in pFHK10-containing cells of the nontoxigenic strains WR5 (4) and P. putida indicate that the cloned DNA segment does not contain the toxin structural gene. Thus, the overproduction of toxin in toxigenic strains containing pFHK10 does Immunoblot analysis of 10% SDS-PAGE profiles of culture supernatants (A) and the corresponding cell pellets (B) with rabbit polyclonal antitoxin. (Note: Lower-molecular-weight bands below the toxin band in lanes 1 and 10 probably represent fragments of the purified toxin.) Lanes contain the following: 1, purified toxin from P. aeruginosa PA103; 2, P. aeruginosa PA103-29(pVK101); 3, P. aeruginosa PA103-29(pFHK10); 4, P. aeruginosa PAO1(pVK101); 5, P. aeruginosa PAO1(pFHK10); 6, P. aeruginosa PAO-PR1(pVK101); 7, P. aeruginosa PAO-PR1(pFHK10); 8, P. putida pVK101; 9, P. putida pFHK10; 10, purified toxin from P. aeruginosa PAO1(pFHK10). not appear to be due to the coincidental cloning of the toxin structural gene.
Since excess iron is known to have an inhibitory effect on toxin expression, we compared its effect on toxin expression in strains containing pFHK10 and in strains containing the vector alone (Table 2 ; Fig. 2 ). As expected in the presence of iron, toxin production was substantially reduced in strains containing only the vector plasmid; however, excess iron only partially reduced toxin expression in toxigenic strains containing pFHK10. Thus, the stimulating effect on toxin gene expression by pFHK10 largely overcame the inhibitory effect of the chromosomally encoded iron regulatory element.
To explore the possibility that the pFHK10 effect on toxin expression was part of a more general phenomenon affecting additional exoproducts, experiments designed to measure elastase and alkaline protease activity have been conducted. Specifically, these exoproducts have been examined in both vector-and pFHK10-transformed strains, using immuno- 4) or high-iron (5 jig/ml; lanes 5 to 6) conditions. Lanes contain the following: 1, P. aeruginosa 388(pVK101); 2, P. aeruginosa 388(pFHK10); 3, P. aeruginosa PAO1(pVK101); low iron; 4, P. aeruginosa PAO1(pFHK10), low iron; 5, P. aeruginosa PAO1(pVK101), high iron; 6, P. aeruginosa PAO1(pFHK10), high iron.
blotting and protease assays. The results of these experiments show that pFHK10 does not cause any increase in the expression of these exoproducts, either extracellularly or intracellularly (data not shown).
Southern blot analysis. The 3-kbp XhoI insert fragment from pFHK10 was isolated and used to probe genomic DNA digests in Southern blot analysis (Fig. 4) . These results indicate that sequences homologous to the putative regulatory gene are present in a variety of toxigenic strains as well as the nontoxigenic strain WR5. Genomic digests generated with HindIII (Fig. 4) , as well as ones generated with PstI and EcoRI (data not shown), suggest that the gene is present in P. aeruginosa as a single copy. The restriction fragment length polymorphism associated with this probe and genomic fragments from independently isolated strains indicate that this gene resides in a genomic environment that is not especially well conserved.
DISCUSSION
We have cloned a segment of DNA from P. aeruginosa that contains a gene involved in the regulation of exotoxin A expression. The (27, 30 
